chemistry demonstrated enriched LPS-induced COX-2 expression that was sensitive to pharmacologic and genetic approaches to attenuate NFκB activity. Finally, pharmacologic inhibition of endotoxemia-induced NFκB activity in neonatal mice prevented hepatic NFκB activity and attenuated COX-2 expression. Conclusion: Our findings of sustained neonatal hepatic NFκB activity and COX-2 expression in response to endotoxemia support a robust perinatal innate immune response. This may represent a link between the innate immune response and the pathogenesis of diseases associated with preterm birth.
Introduction
Preterm birth affects 5-18% of all pregnancies and represents an enormous health care burden [1] . Preterm birth brings with it early and repetitive stimulation of the innate immune response. Infection is associated with 40-60% of all preterm births [2] , and 20-40% of infants born at <28 weeks gestation experience sepsis prior to discharge [3] . These repeated infectious exposures are independent risk factors for mortality and the long-term mor-bidities associated with prematurity [4, 5] . Whether the neonatal innate immune response to these infectious stimuli contributes to the pathogenesis of these complications is unclear.
Inducible COX-2 expression is a key component of the Toll-like receptor 4 (TLR4)-mediated innate immune response [6] . In adults, numerous studies have demonstrated that increased COX-2 expression contributes to the pathogenesis of septic shock in adults [7] . While COX-1 expression is constitutive, COX-2 expression is inducible and regulated at the transcriptional level in an organ-and cell type-specific manner [8, 9] . The adult liver, in contrast to the lung, is an important source of inducible COX-2 expression following stimulation of the innate immune response [8] .
While it is generally accepted that the neonatal innate immune response is immature, defective, and biased against a proinflammatory response [10] , clinical data support the presence of increased COX-2 activity in premature infants exposed to inflammatory stress. Exposure to either chorioamnionitis or early-onset sepsis increases the risk of developing a patent ductus arteriosus (PDA) [11, 12] . Importantly, PDA associated with infection is associated with increased circulating prostaglandin and prostaglandin metabolites, including 6-keto-PGDF1 [11] . Additionally, it has recently been demonstrated that increased prostaglandin E2 (PGE2) complicates sepsis and meningitis in preterm infants [13] . It is unclear whether exposure to perinatal inflammation induces COX-2 expression, which would explain these observed increases in circulating prostaglandin. Furthermore, whether this occurs in an organ-and cell type-specific manner similar to in adults is unknown. If robust COX-2 expression is central to the neonatal innate immune response, these clinical observations would appear to contradict the current paradigm that the neonatal innate immune response is impaired.
It has long been recognized that in adult animals, endotoxemia induces both pulmonary and hepatic NFκB activation [14] . It is important to recognize that these observations do not predict the neonatal response to endotoxemia. In fact, previous studies have shown that pulmonary NFκB activation induced by endotoxemia in neonatal mice is fundamentally different from that observed in adults [15] . This is a critical observation, and it is consistent with a growing body of literature demonstrating that NFκB-regulated target gene expression is developmentally regulated [15] [16] [17] . Importantly, whether differences exist between neonatal and adult hepatic NFκB activity during endotoxemia is unknown. In quiescent cells, members of the IκB family of inhibitory proteins (IκBα and IκBβ) maintain inactivated NFκB dimers in the cytoplasm [18] . Following exposure to inflammatory stimuli (e.g. lipopolysaccharide, LPS), IκBs are phosphorylated and degraded, allowing NFκB nuclear translocation [18] . The kinetics of IκB degradation dictate NFκB activity and can thus be used as a marker of NFκB transcriptional activity [19] . Furthermore, although NFκB is a key determinant of the transcriptome following stimulation of the innate immune response, whether it regulates hepatic COX-2 expression in response to endotoxemia remains unknown. Thus, we undertook this study to better understand the role of developmentally regulated NFκB activity and the effect on tissue-specific COX-2 expression.
Methods

Murine Model of Endotoxemia
Fetal Endotoxemia. C57/BL/6 timed pregnant mice were purchased from Charles River Laboratories for these experiments. Fetal endotoxemia was induced as previously described [20] using a validated model of intrauterine inflammation which results in 100% preterm birth and no maternal mortality. The mice were mated and the day the plug was found was considered embryonic day 0.5 (e0.5). As the C57/BL/6 strain routinely has a 20-day gestation, survival surgery and intrauterine injections of LPS (or vehicle control) were performed on e15.5 (preterm studies) and e19.5 (term studies). Briefly, a continuously inhaled isofluorane/oxygen anesthesia (5%) was administered and after deep anesthesia was reached (as determined by toe pinch), the inhalation mixture was maintained at 1.5-3% for the duration of the procedure. A small laparotomy was performed in the lower abdomen, the right and left uterine horns were isolated, and either LPS (250 μg in 200 μl normal saline; from Escherichia coli , 055:B5, Sigma-Aldrich) or an equal volume of normal saline (control) was infused equally (100 μl/horn) into each horn of the uterus between the first and second gestational sac closest to the cervix. The exposed uterus was washed with 500 μl normal saline, and a mixture of 0.5% lidocaine (in 200 μl normal saline) was injected into the peritoneal cavity before routine closure of the incision was performed. The dams were allowed to recover in individual cages and were euthanized for tissue collection after successfully delivering their first pup, with the matched saline-control animals being sacrificed at the same time. In this study, all dams injected at e15 went into preterm labor within 16 h of intrauterine LPS injection, while all dams injected at e19 went into preterm labor within 6 h of the injection. For gene expression studies, tissues were collected from the 4 pups adjacent to the injection site of each uterine horn.
Postnatal Endotoxemia. Neonatal or adult ICR (wild-type, WT) mice were exposed to lethal (50 mg/kg, defined as >90% mortality by 48 h) or sublethal (5 mg/kg, defined as >90% survival at 72 h) doses of LPS (phenol purification; catalog No. L2630, Sigma) by intraperitoneal (i.p.) injection or received BAY 11-7085 pretreatment (1-20 mg/kg) 1 h prior to LPS exposure by i.p. injection followed by LPS exposure (i.p., 50 mg/kg, 2 h). LPS doses were determined by mortality curves (data not shown) with 50 mg/kg LPS demonstrating 90% mortality and 5 mg/kg LPS demonstrating 388 <10% mortality at 24 h in neonatal mice. Following exposure, mice were sacrificed and normal saline was perfused through the right ventricle, and liver and lung samples were collected and processed as described below. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Colorado (Aurora, Colo., USA).
Primary Cell Collection
Hepatocytes and macrophages were collected from neonatal livers by gradient centrifugation as previously described [21] . Following collection, cells were lysed in buffer RLT and RNA was collected using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions.
Tissue Processing
Whole-Cell Lysate. Liver tissue was homogenized in T-PER (Thermo Scientific) lysis buffer with protease/phosphatase inhibitors (HALT, Thermo) using the Bullet Blender (0.5-mm glass beads or 1.0-mm zirconium oxide beads; speed 7, 5 min). Protein content of the supernatant was determined by Bradford assay.
Cytosolic and Nuclear Extraction. Cytosolic and nuclear extracts were collected from liver tissue using the NE-PER kit (Pierce) according to the manufacturer's instructions, with some modifications. Specifically, following collection of the cytosolic extract, the nuclear pellet was washed and resuspended in cytosolic extraction reagent to completely remove the remaining cytosolic fraction.
mRNA Isolation and cDNA Synthesis. Total RNA was isolated using the RNeasy Mini Kit (Qiagen) on 30 mg of lung tissue homogenized in RLT buffer in a Bullet Blender (0.5-mm glass beads or 1.0-mm zirconium oxide beads; speed 7, 5 min; NextAdvance). Following homogenization, supernatants were removed and RNA was immediately collected using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. RNA was assessed for purity and concentration using the NanoDrop (ThermoFisher Scientific), and cDNA synthesized using the Verso cDNA synthesis kit (Thermo Scientific).
Immunohistochemistry. Frozen, OCT-embedded neonatal livers were cut into 7-μm sections. Sections were fixed with 4% PFA, blocked and then incubated with COX-2 (Santa Cruz) and F4/80 pan macrophage marker (Abcam) primary antibodies and visualized with the Olympus IX83 microscope and Olympus DP80 camera at ×40 magnification. Sequential images were processed and superimposed using Olympus CellSens software. To assess macrophage numbers, sections were visualized on an inverted Olympus IX83 microscope (×20) using an Olympus DP80 camera and Olympus CellSens software. Macrophage numbers were determined by counting the number of F4/80 staining cells per highpowered field. Five high-powered fields from the livers from 3 separate animals per exposure were assessed.
PGE2 ELISA. To assess hepatic COX-2 activity, lysates were prepared from the neonatal liver and the protein content was determined as described above. PGE2 was purified from liver homogenate following protein removal by acetone precipitation and PGE2 ELISA was performed with a PGE2 ELISA kit (Enzo) according to the manufacturer's instructions.
Cell Culture and LPS Exposure RAW 264.7 macrophages (ATCC) were cultured according to the manufacturer's instructions. Bone marrow-derived macrophages (BMDM) were collected from male ICR mice (6-10 weeks old) and cultured as previously described [21] . Cells were exposed to LPS (1 μg/ml; catalog No. L5418, Sigma) and RNA was collected using the RNeasy Mini Kit (Qiagen). Analysis of Relative mRNA Levels by RT-qPCR. Relative mRNA levels were evaluated by quantitative real-time PCR using the TaqMan gene expression system (Applied Biosystems). Gene expression of COX-2 was assessed with predesigned exon-spanning primers (Mm00478374_m1) using the StepOnePlus real-time PCR system (Applied Biosystems). Relative quantitation was performed via normalization to the endogenous control 18S using the cycle threshold (ΔΔCt) method.
NFκB Inhibition in vitro
Statistical Analysis
For comparison between treatment groups, the null hypothesis that no difference existed between treatment means was tested by Student's t test for 2 groups and 2-way ANOVA for multiple groups with potentially interacting variables (organ, duration of exposure), with the statistical significance between and within groups determined by means of Bonferroni's method of multiple comparisons (InStat, GraphPad software, Inc.). Statistical significance was defined as p < 0.05.
Results
Endotoxemia Induces Hepatic COX-2 Expression in Fetal, Neonatal and Adult Mice
For this study, we compared LPS-induced pulmonary and hepatic COX-2 expression in fetal, neonatal and adult mice. We observed no significant change in pulmonary COX-2 expression in response to systemic inflammatory stress in the e15 or the e19 fetal mice ( fig. 1 a, b) , in neonatal and adult mice exposed to lethal endotoxemia (50 mg/kg i.p.; fig. 1 c, d ), or in neonatal and adult mice exposed to sublethal endotoxemia (5 mg/kg i.p.; fig. 1 e, f). In contrast, endotoxemia induced robust hepatic COX-2 expression in e15 fetal and e19 fetal mice, and in neonatal and adult mice exposed to either lethal or sublethal endotoxemia ( fig. 1 a-f ). These results show that endotoxemia does not result in increased pulmonary COX-2 expression in fetal, neonatal and adult mice. Of note, endotoxemia significantly increased the pulmonary expression of IL1β and IL6 in fetal, neonatal and adult mice (data not shown), indicating that the differences observed in COX-2 expression could not be explained by an absence of inflammatory stimulus being delivered to the lung. However, endotoxemia induces robust hepatic COX-2 expression in fetal, neonatal and adult mice.
Of note, differences in the kinetics of LPS-induced hepatic COX-2 expression were observed between neonatal and adult mice. Following exposure to either lethal or sublethal endotoxemia, neonatal hepatic COX-2 expression remained persistently elevated through 6 h of exposure ( fig. 1 c, e). In contrast, at this time point, adult hepatic COX-2 expression was significantly lower than peak expression at 2 h of exposure ( fig. 1 d, f) . This observation prompted us to evaluate neonatal and adult hepatic COX-2 expression at extended points following exposure to sublethal endotoxemia. At later time points (12 and 24 h), neonatal hepatic COX-2 expression remained significantly elevated compared to adult levels ( fig. 1 g) . Importantly, increased hepatic COX-2 expression was associated with significantly increased hepatic PGE2 expression in neonatal mice at 6, 12 and 24 h after LPS exposure ( fig. 1 h) . The unique kinetics of COX-2 mRNA expression in response to endotoxemia observed in the neonatal liver led us to investigate whether differences in the transcriptional regulation of COX-2 explained these differences.
Endotoxemia Induces Hepatic NFκB Activation in Neonatal Mice
Transcription is the rate-limiting step in COX-2 expression [9] , but the transcriptional mechanisms underlying increased hepatic COX-2 expression during endotoxemia in vivo are unknown. Thus, we sought to define the signaling mechanisms underlying endotoxemia-in- duced hepatic COX-2 expression. Previous studies have demonstrated that multiple transcription factors regulate COX-2 expression in response to various stimuli, including NFκB [9] . Because NFκB activation and target gene expression are developmentally regulated and we had observed developmental differences in the kinetics of hepatic COX-2 expression during endotoxemia, we speculated on whether there were differences in the kinetics of hepatic NFκB activation during endotoxemia between neonatal and adult mice. We have previously demonstrated that in adult mice, lethal endotoxemia acutely (within 2 h) induces NFκB activation as measured by IκBα and IκBβ degradation [21] . However, the kinetics of IκB degradation following exposure to sublethal endotoxemia have not been reported in adult mice and the kinetics of IκB degradation following exposure to lethal or sublethal endotoxemia have not been reported in neonatal mice. Thus, to determine if LPS-induced hepatic NFκB activation was temporally related to COX-2 expression, we evaluated hepatic IκBα and IκBβ expression in the livers of adult mice exposed to sublethal endotoxemia and neonatal mice exposed to either lethal or sublethal endotoxemia. In the adult mice, exposure to sublethal endotoxemia induced IκBα degradation by 2 h of exposure and, consistent with NFκB-dependent expression, levels returned to baseline by 4 h of exposure, ultimately exceeding baseline levels by 6 h of exposure ( fig. 2 a) . Furthermore, endotoxemia induced IκBβ degradation by 2 h of exposure, and levels began to recover by 4 h of exposure. In contrast to what was observed in adult mice, hepatic levels of IκBα in neonatal mice fell by 2 h of sublethal endotoxin exposure and only returned to baseline by 6 h, but never exceeded baseline levels ( fig. 2 b) . Furthermore, levels of IκBβ remained low throughout the 6-hour exposure and showed no signs of recovery. Similarly, we observed that hepatic IκBβ levels remained significantly below baseline levels after 6 h of exposure in neonatal mice exposed to lethal endotoxemia ( fig. 2 c) .
Previous studies have demonstrated that reaccumulation of cytosolic IκBβ is a marker of termination of NFκB activity [22] . Thus, we sought to determine the duration of depressed levels of hepatic IκBβ in endotoxemic neonatal mice. Following a single exposure to sublethal endotoxemia, hepatic IκBβ remained below baseline at 12, 16, 20 and 24 h of exposure ( fig. 3 a, b) . This was associated with prolonged nuclear translocation of the NFκB subunit p65 that persisted through 24 h of exposure, indicative of ongoing NFκB activation ( fig. 3 c) . These results show that in contrast to what was observed in adult mice, endotoxemia induces prolonged degradation of the NFκB inhibitory protein IκBβ in the liver of neonatal mice. This is associated with prolonged nuclear translocation of the NFκB subunit p65, a finding consistent with continued NFκB activation. These signaling events are temporally related to the prolonged COX-2 expression observed in endotoxemic neonatal mice.
Endotoxemia Induces COX-2 Expression in Hepatic Macrophages
Next, we sought to identify the cell type responsible for COX-2 production. To begin to answer this question, we performed immunohistochemical analysis of COX-2 in hepatic tissue isolated from endotoxemic neonatal mice. At 6 h of sublethal endotoxemia, immunohistochemistry revealed that hepatic COX-2 staining was increased and colocalized with hepatic macrophages (F4/80; fig. 4 a) . To corroborate these findings, we determined COX-2 mRNA expression in purified intrahepatic mononuclear cells isolated from the livers of endotoxemic neonatal mice; we chose this population of cells because it is inclusive of macrophage populations [21] . We found that when compared to hepatocytes, hepatic macrophages demonstrated significantly higher COX-2 expression ( fig. 4 b) . Importantly, sublethal endotoxemia did not increase hepatic macrophage numbers in neonatal mice at a time when COX-2 expression begins to diverge from endotoxemic adults (6 h). These results implicate the resident hepatic macrophage as the primary source of increased COX-2 expression in endotoxemic neonatal mice.
LPS-Induced COX-2 Expression Occurs via an NFκB-Dependent Mechanism in Macrophages
Next, we studied cells in culture in order to further investigate the link between LPS-induced NFκB activity in the macrophage and increased COX-2 expression. To confirm our finding that LPS induces COX-2 expression in macrophages, we compared the LPS-induced COX-2 expression of primary (BMDM) and immortalized (RAW 264. 
Pharmacologic Inhibition of LPS-Induced NFκB Activity Attenuates Hepatic COX-2 Expression in vivo
To further evaluate the role of NFκB activity in LPSinduced hepatic COX-2 expression in vivo, we used pharmacologic NFκB inhibitors in our neonatal endotoxemia model. Specifically, neonatal mice were pretreated with BAY 11-7085 (1-10 mg/kg i.p., 1 h) to pharmacologically inhibit IKK activity and prevent NFκB activation prior to LPS exposure. We noted a dose-dependent effect of pretreating neonatal mice with BAY 11-7085 (1-10 mg/ kg) on LPS-induced hepatic IκB degradation ( fig. 6 a-c) .
Furthermore, we noted a dose-dependent effect of pretreating neonatal mice with BAY 11-7085 on LPS-induced hepatic COX-2 expression ( fig. 6 d) . These results show that pharmacologic inhibition of LPS-induced NFκB activity attenuates COX-2 expression, supporting a mechanistic role for NFκB activity in regulating COX-2 expression in vivo.
Discussion
Our results are interesting because they demonstrate that systemic inflammatory stress induces sustained COX-2 expression in the fetal and neonatal liver via an NFκB-dependent mechanism. These results reveal that the liver is an important source of COX-2 during systemic inflammatory stress in neonates ( fig. 7 ) . Inducible COX-2 expression is a key component of the TLR4-mediated innate immune response [6] . While our understanding of the developing immune system continues to evolve, the current paradigm maintains that the neonatal innate immune response is biased against a proinflammatory response [10] . However, this paradigm fails to explain why many of the major morbidities associated with preterm birth, i.e. bronchopulmonary dysplasia [23] , periventricular leukomalacia [24] , retinopathy of prematurity [25] and necrotizing enterocolitis [26] , are marked by evidence of early and robust expression of proinflammatory mediators.
Clinical observations support the presence of increased COX-2 expression and activity in preterm neonates exposed to infectious stimuli. Clinical studies have shown that exposure to either chorioamnionitis or earlyonset sepsis increases the risk of developing a PDA [11, 12] . This is likely mediated by elevated circulating levels of prostaglandin and prostaglandin metabolites, including 6-keto-PGDF1, found in patients with PDA associated with infection [11] . Additionally, recent studies have 
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shown that septic neonates with cardiorespiratory disturbances have increased PGE2 levels [13] . In this study, we used LPS as a TLR4 agonist to stimulate the neonatal innate immune response. Thus, our findings do not directly translate to observations made in humans infected with pathogenic organisms. However, our results provide insights into the transcriptional regulation and cellular source of increased COX-2 expression observed following TLR4 stimulation. Further studies are necessary to determine whether these same mechanisms explain the COX-2 expression and increased circulating prostaglandins observed in infected neonates.
It is important to recognize that COX-2 expression and activity may increase the risk of developing many of the common complications of prematurity. Clinically, elevated prostaglandins and lipid metabolites can be detected in babies exposed to antenatal inflammation that go on to develop bronchopulmonary dysplasia [27] . Similarly, COX-2 expression and activity has been implicated in laboratory models of bronchopulmonary dysplasia [28] , ROP [29] , periventricular leukomalacia [30] and necrotizing enterocolitis [31] . However, global, pharmacologic COX-2 inhibition in neonates is complicated by reductions in renal and intestinal blood flow [32] . Our results demonstrated that in endotoxemic neonatal mice, inducible hepatic COX-2 expression is a central component of the neonatal innate immune response. Our finding of increased hepatic COX-2 expression in endotoxemic fetal and neonatal mice provides a potential mechanistic link between perinatal infection and the significant morbidities associated with prematurity. Furthermore, by identifying a specific organ and cellular source of increased COX-2 expression, there may be potential for the development of therapies to specifically target hepatic COX-2 expression, thereby avoiding complications associated with global COX-2 inhibition.
Previous studies have shown that, in adults, endotoxemia has organ-and cell type-specific effects on COX-2 expression [8] . Our findings, as well as the data presented in previous studies, support the hypothesis that organ- and cell type-specific expression of COX-2 occurs in endotoxemic neonatal animals as well. We have demonstrated that endotoxemia does not induce COX-2 expression in the lung, while inducing robust COX-2 expression (200-to 300-fold) in the liver. However, endotoxemia does not induce COX-2 expression in the neonatal small or large bowel, and only modest (3-to 4-fold) expression in the neonatal stomach [33] . Although we have identified robust hepatic COX-2 expression in endotoxemic neonatal mice, how individual organs contribute to circulating prostaglandins is unknown. This may be of particular relevance during the neonatal period, where COX-2 expression and increased levels of circulating prostaglandins have been associated with multiple morbidities [11] [12] [13] [28] [29] [30] [31] . We speculate that identifying the source of circulating prostaglandins may reveal unique pharmacologic targets to limit prostaglandin synthesis and associated neonatal morbidities. Furthermore, by demonstrating end-organ differences in the LPS-induced expression of a central mediator of the innate immune response, we speculate that the liver may play a unique role in the pathogenesis of such morbidities. More work is needed to establish these relationships in order to identify the potential therapeutic targets. While it is clear that COX-2 expression in response to endotoxemia is organ-and cell type-specific, the mechanisms underlying this finding are unknown. COX-2 expression is inducible and regulated at the transcriptional level [9] . We hypothesized that differences between neonatal and adult hepatic TLR4-mediated COX-2 expression may be transcriptionally determined. We interrogated the transcriptional regulation of COX-2 expression in endotoxemic mice. Previous studies have demonstrated that NFκB does not regulate LPS-induced COX-2 expression in enterocytes [31] . However, we found that NFκB regulates hepatic COX-2 expression in endotoxemic neonatal mice. It has previously been recognized that COX-2 expression is subject to epigenetic regulation [34] . Although not investigated here, epigenetic modifications may explain the developmental organ-and cell type-specific expression of COX-2. More work is needed to answer these questions, and may reveal additional therapeutic targets to limit inducible COX-2 expression.
Previous studies have demonstrated that pulmonary TLR4-mediated NFκB signaling and target gene expression are developmentally regulated [15] . However, to our knowledge, other organ-specific developmental differences in TLR4-mediated NFκB signaling have not been reported. We report here that hepatic TLR4-mediated NFκB activation is developmentally regulated. However, in contrast to the neonatal lung, the neonatal liver exhibits prolonged NFκB signaling, resulting in sustained COX-2 expression. Although not reported here, it is likely that COX-2 is not the only NFκB target demonstrating this expression pattern. Identifying other NFκB target genes that demonstrate sustained hepatic expression will provide further insight into the unique regulation of the innate immune response in the neonatal period. Additionally, we have shown that LPS-induced COX-2 expression is enriched in the neonatal macrophage. Whether sustained NFκB activation is specific to these cells or present in any other cells has yet to be determined. Our findings provide mechanistic insights into the signaling pathways and cells responsible for LPS-induced COX-2 expression in a neonatal model of systemic inflammatory stress, and may allow us to gain a better understanding of the neonatal innate immune response.
Our study has a number of limitations. Using our endotoxemic model and based on previous reports showing the liver as a primary source of TLR4-mediated COX-2 expression in adults, we focused on the neonatal liver and lung. However, endotoxin has been reported to induce COX-2 expression in isolated neonatal murine cardiomyocytes and neonatal bovine peripheral blood mononuclear cells [35, 36] . We did not look at cell type-specific COX-2 expression in other organs including the brain. These studies will be important in order to evaluate the effect of local COX-2 expression and activity in the neonatal mouse. Furthermore, we did not assess the effect of attenuating LPS-induced, NFκB-regulated COX-2 expression on the outcomes of endotoxemic neonatal mice. Previous studies have shown a detrimental effect on global inhibition of NFκB activity in endotoxemic mice [15] . Furthermore, due to its important role in vascular and pulmonary development, complete NFκB inhibition is detrimental in the neonatal period [37, 38] . To negate the effects of complete NFκB inhibition during this period, more specific inhibitors of sustained NFκB signaling are necessary. Finally, while the proinflammatory role of COX-2 is clear, it also plays a clear role in the resolution of inflammation [39] . The complex pro-and anti-inflammatory role played by COX-2 during systemic inflammatory stress is highlighted by the finding that, in mice, COX-2 inhibition improves survival in endotoxemia but increases mortality during polymicrobial sepsis [40] . Thus, the study that focused here on the mechanisms underlying the LPS-induced COX-2 expression in neonatal mice must be balanced with future studies focused on the physiologic and developmental impact of attenuating this central aspect of the innate immune response.
Conclusions
Endotoxemia induces COX-2 expression in a developmentally regulated, organ-and cell type-specific manner. Fetal, neonatal and adult mice experience robust hepatic COX-2 expression. Importantly, sustained hepatic COX-2 expression is NFκB-dependent and unique to neonatal mice. We speculate that a similar mechanism is responsible for the hepatic COX-2 expression in fetal mice, and is present as early as e15. Our results reveal that during the perinatal period, hepatic COX-2 expression is an important marker of an intact and robust innate immune response to systemic inflammatory stress. Targeted inhibition of hepatic COX-2 expression may prevent neonatal morbidities associated with perinatal systemic inflammatory stress.
